S kogman et al.' presented a formula for predicting the stress-strain relationship for any type of prestressing steel, the so-called "power formula." Its general form is: (1) where fps is the stress corresponding to a given strain £P 5 ; E, Q, K and R are curve fitting constants, and fpy is the stress at 1 percent strain .
A stress-strain relationship for Grade 270 low-relaxation prestressing strands is presented. It is based on recent extensive testing by the authors requested by the PC/
presented a formula for predicting the stress-strain relationship for any type of prestressing steel, the so-called "power formula." Its general form is: (1) where fps is the stress corresponding to a given strain £P 5 ; E, Q, K and R are curve fitting constants, and fpy is the stress at 1 percent strain .
The stress fpy may be taken from experimental results or to comply with ASTM minimum standards. For example, ASTM A-416 2 specifies that minimum fpy for Grade 270, low-relaxation steel be equal to 0.9 of the breaking stress, i.e. , 0.9(270) = 243 ksi (1676 MPa).
A simple procedure for calculating the four power formula constants to provide a close fit of the power formula to a prescribed experimental curve is given by Mattock. 3 He showed that the theoretical curve can be made to produce stresses within 1 percent of the prescribed values. Other independent studies by Skogman et al., 1 Naaman: Harajli and Naaman ,S and Menegotto and Pinto 6 have confirmed the great accuracy and versatility of the power formula.
As part of the work of Skogman et al., 1 constants for the commonly used types of prestressing steel were developed. These constants were based on a number of actual stressstrain curves supplied by steel manufacturers. Use of the socalled " typical" curves was avoided since they generally were supplied as theoretical curves coinciding with ASTM minimums.
Due to the scarcity of the available actual curves, the constants developed in Ref. I were based on conservative assumptions. The prediction curves were in some instances significantly lower than the lowest available experimental curves.
The PCI Industry Handbook Committee req~ested that the University of Nebraska conduct additional experimental work to serve two purposes:
(a) Provide for a larger population of experimental stressstrain curves and thus more viable statistical lower bound analysis.
(b) Investigate the influence of the variability of stressstrain curves supplied by manufacturers, which were derived from tests conducted on different types of steel and various testing machines by different operators.
Twenty-eight strands supplied directly by precast concrete producers, from four different strand manufacturing sources, were tested. All strands were Grade 270 low-relaxation strands as this type appeared to be the most widely used by producers in the United States. The number of specimens representing other grades was not large enough to allow useful statistical analysis. No attempt was made to obtain specimens directly from strand manufacturers. Producer-supplied specimens were believed to be a more accurate representation of the steel actually used in concrete products.
The results of the 28 tests conducted at Nebraska were compared with those of 28 others conducted by manufacturers. Almost equal levels of stresses were observed in the Nebraska tests. The 56 curves were combined and a statistical lower bound curve was derived . The power formula constants were then developed such that the prediction curve would meet two requirements: (a) as close a fit as possible to the experimental lower bound, and (b) predicted stress at 1 percent strain is equal to the ASTM minimum /py = 0.9 fpu = 243 ksi (1676 MPa).
An upper limit was also placed on fps equal to ASTM minimum specified fpu = 270 ksi (1862 MPa). Both ASTM fpy and fpu values were found to be significantly lower than the experimental lower bound values. Thus, a reassessment of the ASTM A-416 specification may result in an upward revision of these minimums. However, until such revision is made, the authors recommend that the current minimums not be exceeded. This recommendation is not followed in the current PCI Design Handbook formula,' which predicts /py = 0.92 /pu-Additional comparisons between the proposed prediction form ula and other equations are made in a separate section of this paper.
TESTING SETUP
A Tinius Olsen testing machine was used. An LVDT was connected to the specimen to measure elongation using an aluminum bracket system (see Fjg. 1). Aluminum angles were placed between the strand and the machine grips to prevent the grip threads from "biting" on the strand wires and causing premature stress concentration failure. 8 This arrangement proved satisfactory and strand breakage took place away from the grips, with the classical wire "necking" before breakage. The specimen length, loading rate and other details were in accordance with ASTM. Fig. 2 shows plots of the test results supplied by strand manufacturers. It represents 14 specimens from Deriver, seven from Springfield Industries, three from Sumiden Wire Products Corporation , two from Florida Wire and Cable Company, one from Shinko Wire America Inc., and one from ARMCO. Most of the stress-strain relationship data were given in detail up to a 1.5 percent strain. The breaking load was given for all specimens with ultimate elongation. Fig. 3 shows the results of the 28 tests conducted by the authors. The testing setup produced full stress-strain diagrams and no extrapolation had to be made. The specimens obtained from various precast concrete producers were traced back to the following sources: eight from Florida Wire and Cable Company, three from Union Wire Rope, nine from Shinko Wire America Inc., and eight from American Spring Wire Corp.
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DISCUSSION OF TEST RESULTS
The results in Fig. 3 indicate a yield strength much higher than the ASTM value of 0.9 /pw Also, the modulus of elasti.city was higher than the current typical value of 28,000 ksi --·r;;
..:.: with those developed by the authors. The only yxception is one curve exhibiting unusually high stresses. Otherwise, the band of stress range is relatively narrow, indicating a high degree of confidence in accurately predicting stresses. Fig. 4 also shows the statistical lower bound with a 99 percent confidence level. 11 This level statistically assures that with a chosen probability of 0.95, all test data lie above the lower bound value.
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PROPOSED PREDICTION FORMULA CONSTANTS
A simplified form ofEq. (1) is:
The constants A, B, C and D for the proposed 270 ksi lowrelaxation formula were found to be equal to 887, 27613, 112.4 and 7.360, respectively. These constants were obtained by fitting the power formula to the lower bound curve of Fig. 5 . The following constraints were imposed: stress at 1 percent strain equal to 243 ksi (1676 MPa) and maximum stress equal to 270 ksi (1862 MPa).
The procedure outlined in Appendix B shows how to determine the power formula constants to accurately predict the stress-strain relationship for any given experimental curve. These constants, along with constants for other steel grades which were earlier developed by Skogman et al.,' are given in Table 1 . It should be noted that the large number of significant digits presented here is advisable to be used because the values of ips are sensitive to these constants. Table 2 represents the stress at various strain levels for each steel shown in Table 1 . Table 2 could thus be conveniently used as a design aid for designers who do not wish to substitute their parameters into the power formula.
CALCULATION EXAMPLE
Required:
Calculate the steel stress at ultimate flexure ips for the hollow-core section 4HC8 shown in Fig. 6 Effective prestress fse = 162 ksi (1117 MPa)
Solution:
Using the iterative strain compatibility method, such as Table 2 . Tendon steel stress-strain relationship (strain is in in./in.; stress is in ksi). t
T. 1. The proposed curve is extremely close to the experimental lower bound curve. Yet, it satisfies the current ASTM A-416 minimums.
2. The proposed curve will give higher stresses than that of Skogman et al. It also gives higher stresses than the PCI Design Handbook formula for strains in excess of about 2 percent, which is common in double tees and hollow-core slabs.
3. ASTM minimums are considerably lower than the experimental lower bound values.
APPENDIX A-NOTATION ips = stress in prestressed reinforcement at ultimate flexure fpu = specified tensile strength of prestressing tendons :{py = specified yield strength of prestressing tendons E, K, Q, RIA, B, C, D =constants used in power formula Eps = strain in prestressed tendon reinforcement at ultimate flexure Epu = ultimate strain in prestressing tendon
APPENDIX 8 -PROCEDURE TO DETERMINE POWER FORMULA CONSTANTS
For the convenience of readers, the procedure to calculate the power formula constants for prestressing steel is outlined here. The basic procedure is taken from Ref. 3 . This procedure can be used for any type of prestressing steel. The procedure is also helpful to readers who wish to derive their own power formula constants to fit a given experimental curve. Fig. B shows the given experimental stress-strain curve for prestressing steel. It is required to represent this curve with the power formula.
1. Determine the modulus of elasticity of the steel, E, which is given by the slope of the first linear part of the curve.
2. Produce the two linear parts of the stress-strain curve until they meet. If the upper portion of the curve is not a straight line, use the closest straight line. The stress correfso 1 -------IS. 
